In this paper, we demonstrate that low concehtrations -(0.5-2.5 /iM) of 1,2-sn-dioctanoylglycerol (DiC8), a potent diacylglycerol used in many previous studies to probe the role of protein kinase C (PKC) in cell activation, cause cytosolic alkalinization of human, mouse and pig T lymphocytes through PKC-mediated activation of the Na+/H+ antiport. However, at higher concentrations () 12.5 #LM), the effect on cytosolic pH (pH1) is reversed, resulting in a marked cytosolic acidification, followed by a gradual return of pHi to baseline values. DiC8 also induces marked changes in cytosolic free calcium concentrations ([Ca2`]1), initially by releasing calcium from intracellular stores, followed by a net transmembrane influx of calcium. The DiC8-induced cytosolic acidification, the resultant return to baseline pH and the increase in [Ca2+]1 are independent of activation of PKC. Unlike many other agents which increase [Ca21] , DiC8 does not induce phosphatidylinositol hydrolysis with the resultant production of inositol phosphates. Other compounds known to activate PKC, including the closely related diacylglycerol analogues, 1,2-sn-dihexanoylglycerol and 1,2-sn-didecanoylglycerol, phorbol esters and mezerein, did not induce changes in [Ca2+] or cytosolic acidification in T lymphocytes. Thus the action of DiC8 on intact lymphocytes is different from that of phorbol esters and other diacylglycerols, and is specific to the length of the acyl chains. Because changes in 
INTRODUCTION
Activation of the Ca2+-and lipid-dependent phosphotransferase protein kinase C (PKC) by phorbol esters, 1,2-sn-diacylglycerols (DAG) or growth factors has been associated with cell differentiation and proliferation (reviewed in [1] [2] [3] ). Since a variety of structurally unrelated activators of PKC are also potent tumour promoters, activation of PKC is postulated to be a contributing factor in tumour initiation and progression [1] [2] [3] . This possibility is strengthened by the observations that interaction of growth factors with their receptors activates PKC, and that introduction of oncogenes into cells also alters the localization and degree of activation of PKC [1] [2] [3] .
The mechanisms by which activation of PKC leads to stimulation ofintracellular processes, including secretion, differentiation and proliferation, have been probed in many systems by measuring the effects of activators of PKC, including phorbol esters, mezerein, teleocidin and cell-membrane-permeant DAG analogues, on these processes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Studies with semi-purified PKC and in intact cells demonstrate that DAGs with chain lengths from 4 to 18 are potent activators of PKC, those with chain lengths of 8-12 being the most active [4] [5] [6] [7] [8] [9] [10] .
In this report, we demonstrate in mouse, human and pig lymphocytes that 1,2-sn-dioctanoylglycerol (DiC8), a DAG analogue commonly used to activate PKC [1] [2] [3] [4] [5] [6] [7] , activates the Na+/H+ antiport, presumably through stimulation of PKC. However, DiC8 also has effects which do not involve PKC. In particular, DiC8 stimulates cytosolic acidification, release of Ca2" from intracellular stores, and a net transmembrane influx of Ca2". These actions are markedly different from the effects of other PKC activators, including DAG analogues, mezerein and phorbol esters. DiC8-induced changes in [Ca2"], may, in part, be responsible for many of the reported effects of DiC8.
Chemical Co., St. Louis, MO, U.S.A.), gentamycin (Sigma) and 10 % (v/v) fetal-calf serum (Sterile Systems Inc., Logan, UT, U.S.A.). Phytohaemagglutinin-P (PHA) was obtained from Difco Laboratories (Detroit, MI, U.S.A.). The acetoxymethyl derivatives of 2',7'-bis(2-carboxyethyl)-5(and 6)-carboxyfluorescein (BCECF-AM), 1-[2-amino-5-(6-carboxyindol-2-yl)phenoxy]-2-(2'-amino-5'-methylphenoxy)ethane-NNN'N'-tetra-acetic acid (Indo-1 AM) and 1,2-bis(O-aminophenoxy)ethane-NNN'N'-tetra-acetic acid (BAPTA-AM) were from Molecular Probes (Eugene, OR, U.S.A.). lonomycin was from Calbiochem (San Diego, CA, U.S.A.). Buffer A was (in mM): NaCl 140, KCI 1, MgCl2 1, glucose 10, CaCl2 1 and Hepes (Sigma) 20 [16] [17] [18] [19] [20] [21] for techniques). All other reagents were from Sigma unless otherwise indicated.
Cells
Fresh peripheral blood mononuclear cells from human pig and murine spleen cells were isolated on Ficoll Hypaque (Pharmacia, Uppsala, Sweden). The murine lymphoma cell line LBRM 33lA5 [18] was carried in complete medium and subcultured every 3 days. The murine cell line P1, which lacks PKC [19] , was carried in complete medium supplemented with 100 units of recombinant interleukin-2 (Cetus)/ml.
ICa21i measurements
[Ca2"], was measured by fluorescence of intracellularly trapped dye Indo-1 as described [20] [21] [22] . Each assay was calibrated by addition of 5 /SM-ionomycin followed by 1 mM-Mn2+. [Ca2"], was determined as described [20] [21] [22] [23] .
Inositol phosphate production Inositol phosphate production was measured essentially as described [24] [25] [26] [27] [28] except that LiCl (20 mM) was added to prevent breakdown ofmyo-inositol 1-phosphate (IP) and myo-inositol 1,4-bisphosphate (IP2) [24] [25] [26] [27] [28] . The Dowex 1X8 technique has been confirmed by h.p.l.c. over a Mono Q column [28] .
Cytosolic pH
Intracellular pH (pHj) was measured by fluorescence with BCECF and calibrated exactly as previously described [16, 17, 19] .
Depletion of PKC LBRM-331A5 cells were incubated with 1,uM-TPA for 18 h, a standard technique for removal of PKC [19, [29] [30] [31] . Lack of PKC was confirmed by measuring phosphotransferase activity in vitro and phorbol-esterstimulated Na+/H+ exchange as previously described [19, 29] , except that PKC was partially purified by binding and elution from DEAE-cellulose DE52 columns [19, [29] [30] [31] .
RESULTS

DiC8 induces cytosolic acidification
Addition of 50 #uM-DiC8, which is similar to concentrations of DiC8 used in previous studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , to peripheral blood lymphocytes from human ( Fig. la) (Figs. 2d-2f) . (Fig. 3f ) and was dependent on the presence of extracellular Na+ (Fig. 3g) , which indicated that the increase in pH, was due to activation of the Na+/H+ antiport.
Recovery from cytosolic acidification is not a consequence of activation of the Na+/H+ antiport Higher concentrations of DiC8 induced a marked cytosolic acidification (Figs 3d, 3e and 1). Amiloride analogues slightly decreased the degree of cytosolic acidification, but had no effect on the subsequent pH1 recovery (Fig. 3h) . Although the pH, decrease was blunted when cells were incubated in medium in which extracellular Na+ was replaced iso-osmotically with cations which are not transported by the antiport (choline, Fig. 3i ; K+, Fig. 4a ; or N-methylglucamine, results not shown), the subsequent pHi recovery proceeded normally. TPA-induced cytosolic alkalinization was effectively blocked by the amiloride analogues or in Na+-free medium (Figs. 3f and 3g), which indicates that the Na+/H+ antiport was blocked under these incubation conditions. Therefore the effects of high concentrations of DiC8 on pHi are not dependent on activation of the Na+/H+ antiport.
Confirmation that DiC8 induces cytosolic acidification
To eliminate the possibility that the changes in fluorescence of BCECF were due to interaction of DiC8 with BCECF, we utilized the ability of nigericin to equilibrate intracellular and extracellular pH for cells incubated in K+-rich medium (in which K+ was substituted isoosmotically for Na+) [16, 17, 32] . In cells incubated with nigericin in K+-rich medium, the transmembrane pH gradient is abolished and any change in fluorescence after addition of DiC8 would be due to an interaction of DiC8 with the BCECF dye. When cells were incubated in K+-rich medium, DiC8 (50 /sM) induced changes in the fluorescent signal which were similar to those in Na+-rich medium (compare Fig. 4a with Figs. 3e and Ic). In contrast, when DiC8 was added to cells which had been preincubated with nigericin, the change in the fluorescent signal was almost completely blocked (Fig. 4b ). This shows that the changes in the fluorescent signal after addition of DiC8 were not due to an interaction of DiC8 with the BCECF dye.
Null-point calibration of changes in intracellular pH
We utilized the ability of nigericin to equalize intracellular and extracellular pH in K+-rich medium as a 'null point' technique to determine the magnitude of cytosolic acidification. The Fresh Ficoll-Hypaque-selected peripheral blood lymphocytes from human or pig or LBRM 331A5 cells were loaded with Indo-I as described in the Materials and methods section and added to a stirred heated cuvette in a Hitachi F4000 spectrofluorimeter.
After equilibration, agents were added as indicated. tion of DiC8 (Fig. 4c) , the fluorescent signal increased, owing to equilibration of pH, with the external pH. This indicated that the pH, after incubation with DiC8 was lower than the pH of the K+-rich medium (pH 7.23). However, when the extracellular pH was adjusted to 6.8 ( Fig. 4d) (a) [24, 25, 28, 33] . As Table I and as reported previously [34] , PHA increased produc- pHi was calibrated as described in Fig. 1. [Ca2+], was calibrated as described in Fig. 2 (Fig. 6a) . In these cells, subsequent addition of DiC8 still induced cytosolic acidification (Fig. 6a) Figs. 6a and 6b ).
This confirmed the phosphotransferase assays, which indicated that these cells were depleted of functional PKC. However, when these PKC-depleted cells were incubated with 50 ,tM-DiC8, the effect on cytosolic pH was indistinguishable from the effect of a similar concentration of DiC8 on LBRM 331A5 cells which had not been depleted of PKC (cf. Fig. 6b with Fig. 3b ). In these cells, low concentrations of DiC8 (0.5 4aM) did not alter pH, (results not shown). This indicates that DiC8 induces two processes, cytosolic alkalinization through activation of PKC and cytosolic acidification followed by a recovery of pHi which is independent of the activation of PKC. In murine P1 cells, which appear to lack functional PKC [19] , low concentrations of DiC8 (0.5 /LM) did not induce cytosolic alkalinization (Fig. 6c) . TPA also did not induce an increase in pHi in P1 cells (Fig. 6d) .
However, in P1 cells higher concentrations of DiC8
(50 #uM) induced cytosolic acidification with similar kinetics and magnitude to those induced in LBRM33lA5 cells (Fig. 6d) Relationship between change in ICa2+li and pH;
In some cell types, cytosolic acidification has been reported to be a consequence of increases in [Ca2+]i [35] .
In other cell types, changes in pH. have been reported to induce increases in [Ca2"], [36] . In LBRM 331A5 cells, the cation ionophore ionomycin, at concentrations (40 nM) which induce similar increases in [Ca2+]i to DiC8
(50 JtM), induced cytosolic acidification, followed by recovery of pH, to near baseline values (Fig. 7a) . The similarity of this pattern to that induced by DiC8
suggested that the effect of DiC8 on pHi may have been secondary to DiC8-induced changes in [Ca2+],.
We tested this possibility by measuring pHi when changes in [Ca2+]i were blocked through chelation of both intracellular and extracellular Ca2` (Fig. 5h) . When ionomycin-induced changes in [Ca2+]i were prevented by incubating BAPTA-loaded cells in Ca2"-free medium, ionomycin-induced changes in pH. were also inhibited (Fig. 7b) . This indicated that ionomycin-induced changes in pHi were indeed secondary to changes in [Ca2+],.
When similar experiments were performed with DiC8, the changes in pH, induced by either high (50 /tM; Fig.   7c ) or low (0.5 gLM, Fig. 7d ) concentrations of DiC8 were not significantly altered. As we had previously demonstrated (Fig. 5h) from that which has been reported for PHA-stimulated LBRM 331A5 T cells or other human and murine T cells [27, 34, [37] [38] [39] in that it was not associated with membrane phospholipid turnover and the resultant production of IP3. The delayed uptake of Ca2l was not due to a generalized increase in cell permeability, as the cells were not permeable to H+. This suggested that Ca2" entered the cell through a relatively specific pathway. Previous reports [14, [40] [41] [42] 
